The electronic structure of a family of ternary copper chalcogenide systems Cu 3 MCh 4 (M = V, Nb, Ta; Ch = S, Se, Te) has been explored to ascertain the compounds' potential for optoelectronic device applications. The lattice parameters, density of states, band gap, optical absorption, and effective mass of each of the nine systems were determined with PBEsol+U, and a valence band alignment was performed to assess the doping limits of the series. The calculated optical band gaps of the materials range from 1.19 eV for Cu 3 VTe 4 to 2.60 eV for Cu 3 TaS 4 , with the former also predicted to have the highest valence band maximum and the lowest hole effective mass of the series, indicative of a p-type material with photovoltaic potential. The wide range of band gap energies predicted in this series of isostructural materials evidences how selective combination of elements in ternary systems can be used to tune electronic properties through alloying and thus target ideal values for specific applications. Five materials in the series are predicted to have optical band gaps suitable for solar cell absorbers, with Cu 3 NbTe 4 and Cu 3 TaTe 4 being of particular interest due not only to their respective band gaps of 1.46 eV and 1.69 eV but also their potential to be alloyed based on their similar lattice constants and valence band energies.
Introduction
The development of high performance p-type semiconductors is of huge importance in the progress of modern optoelectronic technologies such as photovoltaic (PV) devices, 1 solar water splitting cells, 2 and transparent conducting materials (TCMs). 3 To represent viable long-term solutions to the global energy crisis, it is of critical importance that the materials upon which these industries are based be cost effective and widely available in addition to fulfilling the necessary technical requirements. The optimal materials for use as solar cell absorbers, for example, possess a direct band gap close to B1.5 eV, are light absorbing with an optical absorption of B10 5 cm À1 , and can be fabricated as thin films such that properties including crystallinity and orientation can be controlled. 4 A number of materials which fulfil these criteria are currently under widespread investigation, such as CdTe, Cu(In/Ga)Se 2 (CIGS), and Cu 2 ZnSn(S/Se) 4 (CZTSS), 4-7 the current record efficiencies of which are 19.6%, 20.5%, and 12.6%, respectively. 8 However,
as Cd is highly toxic and In is both rare and expensive, there is a drive to discover compounds comprising environmentally sound and relatively abundant elements such as those in CZTSS which fulfil the above requirements. Non-copper based materials such as ZnSnN 2 9,10 and ZnSnP 2 11 are also under investigation for PV applications. An emerging class of potential PV materials are hybrid halide perovskites such as methylammonium lead iodide (CH 3 NH 3 PbI 3 , commonly abbreviated as MAPI), which have already achieved efficiencies of over 15%. [12] [13] [14] [15] Issues exist with the long-term stability of hybrid perovskites, given their water solubility and low sublimation temperatures, and the inclusion of Pb in these materials raises concerns of toxicity. 16 Transparent semiconductors have extensive applications in a range of optical and electronic devices such as solar cells, flat panel displays, and organic light emitting diodes. It is almost exclusively n-type materials that are used for these purposes due to their high transparency and conductivity, 17 with band gaps greater than 3 eV and carrier concentrations of at least 10 20 cm À3 . 18 An important goal in the TCM community is to develop a viable p-type transparent semiconductor to combine p-and n-type materials in pn junctions for ''transparent electronics''. 3, 19 Potential transparent p-type semiconductors include CuMO 2 delafossites (M = Al, Sc, Cr, In, Ga), 3, [20] [21] [22] AB 2 O 4 spinels (A = tetrahedrally coordinated Mg, Zn, Cd; B = octahedrally coordinated Co, Rh, Ir), 23, 24 and the layered LaCuOCh materials (Ch = S, Se, Te). [25] [26] [27] Delafossites have large band gaps but possess poor conductivity, and while doping improves this, it also reduces optical transparency. 28, 29 Although transparency is achieved in the spinel materials, they exhibit small hole mobilities, high effective masses, and low conductivities. 24 Problems with the layered materials include band gaps less than the 3 eV required for optical transparency and the difficulty and expense involved in making films with uniaxial orientation. 30 The combination of multiple metal ion species within a material can result in more control over certain structural and electronic properties, including the band gap. CZTSS, for example, is based on the structure of the wide band gap material ZnS, in which two Zn(II) ions can be substituted by Cu(I) and Ga(III) to give CuGaS 2 and then two Ga(III) ions replaced by Zn(II) and Sn(IV). 31 In In this study, the ternary copper based semiconductors Cu 3 MCh 4 (M = V, Nb, Ta; Ch = S, Se, Te) are investigated to examine the effect that the mixing of Cu d states with M d states has on the electronic structure of the systems and to determine whether they are more likely to display n-or p-type behaviour. In addition, the magnitude of the band gaps of the nine systems are determined and their VBs aligned to explore the potential for alloying isostructural materials to fine tune the band gaps for various optoelectric applications. Various ternary Cu materials such as CuMCh 2 (M = Sb, Bi; Ch = S, Se), 35 Cu 3 MCh 3 (M = Sb, Bi; Ch = S, Se), 36 and CuMO 2 (M = In, Ga, Sc) 20 have previously been explored as potential candidates for a number of the applications listed above, including as PV absorbers and TCMs, and V, Nb, and Ta are all relatively abundant elements, with estimated global reserves of 15 000 000 metric tons, 4 300 000 metric tones, and 100 000 metric tons, respectively, compared with the 11 000 metric tons of In. 37 Structurally, Cu 3 MCh 4 has a cubic unit cell ( Fig. 1 ) and belongs to the space group P% 43m. 38 The M (M = V, Nb, Ta) ions occupy the corners of the cell while the Cu ions lie on the cube edges, with each metal ion tetrahedrally coordinated to four Ch (Ch = S, Se, Te) ions. In this study, we show how varying the elements in isostructural ternary compounds can change the geometric and electronic structure of a material and therefore be used to tune properties relevant to particular applications. By close examination of the Cu-based chalcogenide series Cu 3 MCh 4 (M = V, Nb, Ta; Ch = S, Se, Te), we outline how the electronic structure of each system is influenced by its constituent elements and compare the nine systems by means of a band gap alignment. From this, we suggest a variety of potential applications based on the wide range of band gaps obtained and propose that alloying materials within such a family could allow for precise control of properties such as band gap.
Methods
All calculations were performed with the Vienna ab initio simulation package (VASP), 52, 53 which utilises the projector augmented wave (PAW) method 54, 55 A plane wave cut-off of 400 eV and a k-point mesh of G-centred 4 Â 4 Â 4 were employed, and calculations were deemed to be converged when residual forces on each atom were less than 0.01 eV Å À1 .
One of the inherent flaws in DFT is the self-interaction error (SIE), in which inexact cancellation of the self Coulomb interaction and the exchange functional results in the effective interaction of an electron with itself. To combat this, the empirical +U correction of Dudarev et al. 56 is used in conjunction with the PBEsol functional, which was specifically developed to model the properties of solids. 57 The validity of the +U method to provide improved structural and electronic descriptions of systems with partially occupied orbitals has been widely demonstrated for a range of solid state materials, including both n- [66] [67] [68] This value was originally selected to model the electronic structure of Cu 2 O with PBE+U in comparison to X-ray photoelectron spectroscopy (XPS), [68] [69] [70] so to verify the suitability of the same U for PBEsol, Cu 2 O calculated with PBEsol+U and U = 5.2 eV was also compared to XPS. Structural optimization was performed over a range of constrained volumes, and the equilibrium cell volume was found by fitting the energy-volume curve to the Murnaghan equation of state, 71 which minimizes the associated problem of Pulay stress. 72 Electronic density of states (EDOS) and band structure calculations were then performed for each of the chalcogenide systems. To determine the optical properties of the systems, the optical transition matrix elements and the optical absorption spectrum were calculated using the transversal approximation method, which sums the absorption spectra over direct VB to CB transitions. 73 The high symmetry points used to generate band structures in this paper are taken from the handbook of Bradley and Cracknell, 74 with a schematic of the Brillouin Zone available online on the Bilbao Crystallographic Server. 75 To determine the relative energy of the VBs in the systems, an important consideration when combining materials in alloys or heterojunctions, VB offsets were calculated using a procedure analogous to that developed by Wei and Zunger. 76, 77 To align the valence band maximum (VBM) of each of the systems, the difference between the VBM and Cu 1s core levels (CL) were obtained in each of the separate materials. The compounds were ordered by increasing lattice parameter, and for each consecutive pair of systems, a 48 atom 1 Â 1 Â 6 supercell was created at the average lattice constant of the two, consisting of three unit cells from each of the two original systems. The supercells were relaxed so that resultant forces were less than 0.01 eV Å À1 and the energy difference of the two CL in the heterostructure was calculated. The VBM offset between each pair of systems was found by aligning the CL of each separate material with the CL offset obtained from the supercell. To determine the relative position of the conduction band minimum (CBM) for each compound, the calculated fundamental band gaps are added to the VBM energies.
Results
The calculated lattice parameters of the nine systems are shown in Table 1 , with the results listed alongside previously reported experimental values for comparison. Good agreement with experiment is achieved, with underestimation by less than 1% observed in all cases. As experimental lattice constants are usually obtained at room temperature, it is expected that the computationally determined athermal values reported here are slightly smaller. The cell volumes increase down both the transition metal and chalcogenide series due to the increasing atomic radii. For each chalcogen, there is less than a 0.01 Å difference in the lattice constants of the Nb and Ta systems, significantly less than the difference between analogous V and Nb systems, suggesting that the Nb and Ta compounds might be alloyed with minimal strain. This is consistent with previous reports of the ionic radii of Nb and Ta, which are the same in several coordination environments. 78 The band structures of all nine systems are shown in Fig. 2 , with the calculated direct and indirect band gaps presented in Table 2 . Both the VB and CB contain reasonably dispersed bands, although the greatest curvature in the CB does not actually occur in the lowest energy unoccupied bands, which are less dispersed and more densely grouped than those higher in energy. The band structures reveal that all of the systems are predicted to possess indirect fundamental band gaps, with the VBM and CBM at the R and X points, respectively. The direct band gap is at the M point for the three V systems and at the X point for the Nb and Ta materials. The calculated optical band gaps are also shown in Table 2 , with the Nb and Ta systems shown to have an optical band gap the same as the direct band gap at X. However, while this transition is dipole allowed, the absorption is weak between the band edges and strong absorption at this k-point is not predicted until transitions 0.6-0.8 eV higher in energy occur. For the V materials, the lowest energy direct transition at M is optically forbidden, and the optical band gap is instead at X for Cu 3 VSe 4 and Cu 3 VTe 4 and at R for Cu 3 VS 4 . The difference in the optical gap between R and X in Cu 3 VS 4 is small, with values of 1.72 eV and 1.76 eV, respectively. While transitions between the band edges at M are forbidden and those at X are weak, optical band gaps at both R and G show far stronger absorption and are between 0.02 eV and 0.43 eV higher in energy. The charge density of the top of the VB and the bottom of the CB at M, X, and G, which show forbidden, weak, and strong optical transitions, respectively, was calculated, with the charge density of Cu 3 VTe 4 presented as an example in Fig. 3 . The highest occupied band at M is primarily contributed to by Te p states, while the lowest unoccupied band at the same k-point consists only of V d density, resulting in negligible overlap between the two states. At X, while the top of the VB is still dominated by Te p states with some Cu d density, both metals contribute d state density to both the highest occupied band and the lowest unoccupied band, resulting in an optically allowed, albeit weak, d-d transition. However, at G, while there is some contribution from Cu d, M d density dominates both the occupied and unoccupied states, leading to significant overlap between the states and a strong transition.
The PBEsol+U optical band gaps provide good agreement with experiment, although it should be noted that there are a limited number of studies on these materials in the literature so only a few values are available for comparison. For Cu 3 TaS 4 and Cu 3 TaSe 4 , the systems with the largest optical band gaps of 2.60 eV and 2.22 eV, respectively, good agreement is obtained The calculated carrier effective masses at both the VBM and CBM are shown in Table 3 . The lightest hole effective mass is in the R to G direction, with the values decreasing down the chalcogen group and in most cases increasing down the transition metal group. The three Te materials have the lightest hole effective masses of the series and are therefore the most likely to display good p-type mobility, with Cu 3 VTe 4 having the lowest value of 0.607m h *. For the electron effective mass at the CBM, similar values are observed in both the M and R directions. Cu 3 TaTe 4 is the material with the lightest electron effective mass, with a value of 0.693m e * along the line to R. In comparison, the hole effective mass of p-type semiconductor Cu 2 O has been experimentally determined to be 0.58m h *, 87 while the electron effective mass of n-type In 2 O 3 has been reported both computationally and experimentally as 0.30m e *. 88, 89 The calculated EDOS for each of the nine compounds are shown in Fig. 4 . The VBM are aligned to 0 eV, but due to the smearing employed in plotting the EDOS, the small band gap of Cu 3 VTe 4 is difficult to visually distinguish. The VB displays significant density of Cu 3d, M nd (M = V, n = 3; M = Nb, n = 4; M = Ta, n = 5), and Ch mp (Ch = S, m = 3; Ch = Se, m = 4; Ch = Te, m = 5) states. The CB is primarily composed of M nd states, with smaller contributions from the Cu 3d and Ch mp states. There is significantly less Cu 3d density near the top of the VB in the Te systems compared to the S and Se systems, and the main Cu d peak is shifted lower in energy down the chalcogen group. For the V compounds, the V 3d states dominate the bottom of the CB, but for the Nb and Ta systems, more mixing with the Cu d and Ch mp states is observed. It should be noted that only the Cu d, M d, and Ch p states are shown in the EDOS as they account for almost all contribution to the band edges. However, the peak beginning at approximately 4 eV, which corresponds to the most dispersed bands in the band structure, also comprises density from Cu s and p states, M s and p states, and Ch s and d states (excluding d states for sulphur).
The PBEsol+U calculated VB offsets are shown in Fig. 5 , with the VBM energies shown relative to that of the lowest VB, that of Cu 3 TaS 4 , and the positions of the CBM based on the calculated band gaps. Two competing trends are in evidence. Firstly, the VBM decreases in energy and the CBM increases in energy down the M (M = V, Nb, Ta) series, leading to progressively wider band gaps. Secondly, the band gap decreases down the Ch (Ch = S, Se, Te) group, with the VB being raised and the CB simultaneously lowered.
Bader charge analysis calculations were performed on the optimised charge densities of the systems, with the findings Fig. 3 The calculated charge density of (a) the highest occupied band at M, (b) the lowest unoccupied band at M, (c) the highest occupied band at X, (d) the lowest unoccupied band at X, (e) the highest occupied band at G, and (f) the lowest unoccupied band at G in Cu 3 VTe 4 . The isosurface is set to 0.03 eV Å
À3
. Cu, M, and Ch ions are shown in blue, grey, and yellow, respectively. Table 4 . The formal charges of the species involved are +1 for the Cu, +5 for the transition metal, and À2 for the chalcogen. It was found that there are effective charges of between 0.03 and 0.37 on the Cu ions, between 1.05 and 1.66 on M (M = V, Nb, Ta) ions, and between À0.31 and À0.67 on Ch (Ch = S, Se, Te) ions. The overall covalency is seen to increase down the Ch group as the electronegativity of the chalcogen ions decreases, although there is a competing trend whereby the Bader charges on the M and Ch ions increase down the M group. The least covalent compound is therefore Cu 3 TaS 4 and the most covalent is Cu 3 VTe 4 , which correspond to the systems with the largest and smallest band gaps of the family, respectively.
Discussion
The band gap energies obtained with PBEsol+U offer good agreement with the limited experimental data available. The band gap magnitudes displayed across the nine systems show two independent trends that result from moving down the M (M = V, Nb, Ta) and Ch (Ch = S, Se, Te) series. It was observed that the band gap decreases down the chalcogenide group, from S to Se to Te, which is to be expected due to increasingly higher energy p states. Conversely, the band gap increases down the transition metal group, in agreement with previous studies on systems containing group 5 ions, such as InMO 4 (M = V, Nb, Ta) 90 and SrBi 2 M 2 O 9 (M = Nb, Ta). 91 The increase in band gap magnitude down the group can be explained by analysis of the EDOS, which shows that the bottom of the CB is dominated by M d states that have higher energies in the heavier ions, increasing from V to Nb to Ta. Considering the relatively high electronegativity of chalcogens (particularly S and Se) with respect to the transition metals considered, it might be expected that the VB would be made up almost entirely of chalcogen states. However, the introduction of a closed shell cation, in this case the d 10 ion Cu(I), results in mixing between the Cu d states and the chalcogen p states, which helps to delocalise hole states and render p-type electronic transport viable, an approach used with Cu-based oxides such as delafossites. 3 It is also found that the system with the largest Bader charges on the group five transition metal and the chalcogen, Cu 3 TaS 4 , corresponds to the largest band gap; conversely, the most covalent compound, Cu 3 VTe 4 , has the smallest band gap. In agreement with the EDOS, more mixing of both the Cu and transition metal ion states with the chalcogen states is observed in the Te systems than in those containing S. Varying the M ion results in increasing the effective charge on M down the transition metal group while decreasing the charge on the Cu and Ch ions. In all cases, the values of electron and hole effective mass are quite close, suggesting that these systems could act as either p-or n-type semiconductors. The hole effective mass is seen to have a strong dependence on the Ch ion, with the Te systems having the lightest hole effective mass and the S materials having the heaviest. Conversely, the electron effective mass varies most significantly with the M ion, as the V systems possess higher electron effective masses while the Nb and Ta systems have far lighter electron effective masses. As such, Cu 3 TaTe 4 has relatively low carrier effective masses at both the VBM and CBM, with Cu 3 NbSe 4 , Cu 3 NbTe 4 , and Cu 3 TaSe 4 also showing reasonable values at both band edges.
In the context of current PV technology, the adsorber layer should ideally be p-type, with a high VBM and a low hole effective mass. The system with the highest VBM is Cu 3 VTe 4 . Its VB electrons are closest to the vacuum and holes could therefore be created with relative ease, so this material is predicted to be the most susceptible to p-type doping. From the effective mass calculations, the system is also likely to have good p-type mobility. In general, the systems with lower hole effective mass also have higher VBMs, and all three Te materials are therefore potential p-type materials. Cu 3 VSe 4 has the lowest CBM of all the systems and is therefore the most likely to support n-type doping, an interesting result as these two systems differ only in the chalcogen ion but are predicted to have markedly different properties. However, the electron effective mass of Cu 3 respectively. All of these systems are predicted to show reasonable p-type conductivity, particularly the three Te systems, which is the usual polarity of PV absorber materials. In addition, the antibonding states at the top of the VB are indicative of defect tolerant systems, i.e. ones in which the presence of defects do not affect the optoelectronic properties of the compound and where defect states are typically shallow, which is necessary for high conductivity. 92 The band gaps of all nine systems are below the threshold for optical transparency of 3 eV, with the largest optical band gap that of Cu 3 TaS 4 at 2.60 eV, effectively ruling these materials out as TCMs. The energy difference between the VBM of the Nb and Ta systems is in all cases small (o0.1 eV), as is the difference is their lattice constants (o0.01 Å), a point of interest when considering the compatibility of materials upon alloying. For example, Cu 3 NbTe 4 and Cu 3 TaTe 4 have very similar lattice constants of 5.641 Å and 5.650 Å, respectively, differ in their VBM energies by just 0.06 eV, and have respective optical band gaps of 1.46 eV and 1.69 eV. By combining the two materials and varying the concentrations of Nb and Ta ions in the mixed system, the band gap could theoretically be tuned to any value between 1.46 eV and 1.69 eV.
Conclusion
The electronic structure of nine sulvanite structured semiconductors Cu 3 MCh 4 (M = V, Nb, Ta; Ch = S, Se, Te) has been elucidated with PBEsol+U in order to rationalise trends in the optoelectronic properties of the series and to identify potential candidates for optoelectronic applications. Five materials were identified as having optical band gaps in the appropriate range for PV absorbers, namely Cu 3 VTe 4 , Cu 3 NbTe 4 , Cu 3 VSe 4 , Cu 3 TaTe 4 , and Cu 3 VS 4 , with band gap values of 1.19 eV, 1.46 eV, 1.49 eV, 1.69 eV, and 1.72 eV, respectively. Cu 3 VTe 4 also has the highest VBM in the series, making it the most likely to exhibit p-type behaviour, and is predicted to have the highest p-type mobility of the nine materials, all of which is indicative of a potential PV absorber. None of the systems were found to have band gaps of large enough magnitude to result in optical transparency, so potential TCM application of any of these materials is therefore unlikely. The VB alignment shows that each pair of Nb and Ta compounds have VBMs close in energy as well as similar lattice constants, which increases their potential to be successfully alloyed for the purpose of tuning properties such as band gap. The range of calculated band gaps over the series evidences how varying the composition of ternary compounds can strongly influence the electronic structure. In addition, it poses the question as to how alloying isostructural materials with different band gap magnitudes can be exploited to tune electronic properties to specific optoelectric applications.
